In the leaf-cutting ant Alta vollenweideri, the worker caste exhibits a pronounced sizepolymorphism, and division of labor is dependent on worker size (alloethism). Behavior is largely guided by olfaction, and the olfactory system is highly developed. In a recent study, two different phenotypes of the antennal lobe of Alta vollenweideri workers were found: MG-and RG-phenotype (with/without a macroglomerulus). Here we ask whether the glomerular numbers are related to worker size. We found that the antennal lobes of small workers contain ~ 390 glomeruli (Iow-number; LN-phenotype), and in large workers we found a substantially higher number of ~ 440 glomeruli (high-number; HN-phenotype). All LN-phenotype workers and some small HN-phenotype workers do not possess an MG (LN-RG-phenotype and HN-RG-phenotype), and the remaining majority of HN-phenotype workers do possess an MG (HN-MG-phenotype). Using massstaining of antennal olfactory receptor neurons we CK, CJK, and WR conceived and designed the experiments. CK collected the data. CK and CJK analyzed the data and wrote the manuscript. WR text-edited the manuscript.
INTRODUCTION
The enormous ecological success of social insects is based mainly on division of labor with workers specialized to various degrees for foraging, nest defense and other tasks, and often only a single queen monopolizes reproduction. In some ant species, the worker caste is highly polymorphic, and this is associated with an elaborated social organization of the colony. Worker polymorphism mainly results from differences in environmental conditions during postembryonic development, and is influenced only to a little extent by genetic differences between workers (West-Eberhard, 2005; Hughes and Boomsma, 2007) . Size-variation and variations in morphological characters of workers may constrain their behavioral repertoire. However, neuronal plasticity during development probably is the predominant mechanism underlying distinct differences in behavioral repertoires of polymorphic ant workers (Kleineidam et aI., 2005; Gronenberg, 2008; Kuebler et aI., 2010) .
Leaf-cutting ant workers of Alto vollenweideri exhibit an enormous size polymorphism (~200-fold variation in body mass) (Weber, 1972; Wilson, 1980) , and worker size is related to behavior and task allocation (alloethism). Small workers take care of brood and fungus cultivation, and large workers are specialized in leaf-cutting and transport.
Chemosensation is the most prominent sensory modality in leaf-cutting ants, and many behaviors of the workers, like foraging, are olfactory-guided (Weber, 1972; Holldobler and Wilson, 1990, 2009) . Several behavioral studies show how sensitive and fine-tuned the odor responses in leaf-cutting ants are (Tumlinson et aI., 1972; Andryszak et aI., 1990; Kleineidam et aI., 2005 Kleineidam et aI., , 2007 Morgan et aI., 2006) . It is therefore not surprising, that the olfactory system of leaf-cutting ants is well developed and occupies a large proportion of the entire brain (Kuebler et aI., 2010) .
Odors are detected by numerous hair sensilla on the antennae. The majority of olfactory sensilla are long, thin, and elbow-bend hairs (Sensilla trichodea curvata) and a smaller number of thick and short hairs with socket (Sensilla basiconica) also serve olfactory function Nakanishi et aI., 2009) . Olfactory sensilla in Hymenoptera are equipped with a high number of olfactory receptor neurons (ORNs) (Schneider and Steinbrecht, 1968; Dumpert, 1972; Esslen and Kaissling, 1976; Stepper et aI., 1983; Butterfield and Anderson, 1994; Ochieng et aI., 2000; Isidoro et aI., 2001; Kelber et aI., 2006) . Their axons project to the first olfactory neuropilthe antennal lobe (AL)-where they are sorted into several sensory tracts and terminate in the functional units of the AL, the glomeruli. This organization results in a spatial representation of odors with distinct glomerular activation pattern as shown with functional imaging techniques in the honeybee, and more recently also in the leaf-cutting ant (Atta vollenweideri) (Joerges et aI., 1997; Galizia et aI., 1999b; Sachse et aI., 1999; Kuebler et aI., 2010) . The AL of hymenopteran species (ants, wasps, and bees) contain a high number of glomeruli (Goll, 1967; Arnold 223 et aI., 1985; Flanagan and Mercer, 1989; Galizia et aI., 1999a; Smid et aI., 2003; Hoyer et aI., 2005; Nishikawa et aI., 2008; Zube et aI., 2008; Kelber et aI., 2009) , whereas the AL of other insects (except orthopteran species, which have a different organization of their ALs) have fewer than 100 glomeruli and differ in AL tract morphologies (Stocker, 1994; Laissue et aI., 1999; Huetteroth and Schachtner, 2005; Ignell et aI., 2005; Schachtner et aI., 2005; Galizia and Rossler, 2010) .
Recently, two size-related AL-phenotypes have been described for workers of the leaf-cutting ant (Atta vollenweideri): An MG-phenotype (containing a macroglomerulus) and an RG-phenotype with all glomeruli of regular size. The MG is located in the anterior part of the AL, close to the antennal nerve entrance, and it was shown that the releaser component of the trail-pheromone is represented in this MG (Kuebler et aI., 2010) . The neuroanatomical polyphenism is established during pupal development and separates the worker caste into two neuroanatomical sub-castes (Kleineidam et aI., 2005; Kuebler et aI., 2010) . Correlated with these two AL-phenotypes, workers differ in their behavioral response to the trail pheromone (Kleineidam et aI., 2007; Kelber, unpublished data) . The size of a glomerulus depends mainly on the number of innervating ORNs, and a large number of ORNs sensitive to the releaser component of the trail pheromone terminate in the MG. This suggests alternative information processing in the AL, depending on the presence or absence of the MG (Kuebler et aI., 2010) . In the same study, a relatively large variance in the number of glomeruli, ranging from 396 to 442 has been described.
In the present study, we quantified the variance in glomerular number by investigating many A. vollenweideri workers of different size and subsequently we analyzed whether glomerular number is related to workers' body size. We found fewer glomeruli in small workers and analyzed whether the number of glomeruli correlates with the existence of the MG (MG-phenotype ).
To describe the organization of the antennal lobe according to the sensory tracts from the antenna, we conducted mass-stainings of ORNs and analyzed which clusters contain fewer glomeruli in small workers. Using selective staining of single sensilla (S. basiconica and S. trichodea curvata) and their associated olfactory receptor neurons, we analyzed the sensilla-specific innervation of glomerular clusters. Finally, we assessed the size-related variance in number of S. basiconica on the antenna and compared this number to the volume of the corresponding glomeruli in the AL.
METHODS

Animals
We used Alta vollenweideri workers from a laboratory colony. The founding queen was collected by M. BoIIazzi in Formosa, Argentina in 2005. The colony was reared in an environmental chamber at 25°C and at a humidity of 50% in a 12h/l2h photoperiod. The colony was fed mainly with dog rose (Rosa canina) and with privet leaves (Ligustrum vulgaris).
Preparation of the Brains
Prior to neuroanatomical investigations, the body size of the investigated workers was measured. As a universal measure of body size we used the head width (Hw) of workers to allow comparisons of different neuroanatomical characters within the polymorphic worker caste. The head capsule was opened and the brain was dissected in saline solution (127 mM NaCI, 7 mM KCI, 1.5 mM CaCI 2 , 0.8 mM Na2HP04, 0.4 mM KH 2 P0 4 , 4.8 mM TES, 3.2 mM Trehalose). After dissection, brains were immediately transferred to ice-cold Fix-Mix (2% paraformaldehyde/2% glutaraldehyde) in phosphate-buffered saline (PBS, pH 7.2) and stored for 3-5 days at 4°C. This fixation leads to increased autofluorescence which, compared to solely formaldehyde fixation, allowed us to better identify the outlines of glomeruli.
The brains were then rinsed in PBS (three times for 10 min) and dehydrated in an ascending series of ethanol (50, 70, 80, 90, 95 and 3 X 100%, 10 min each) and finally transferred into methyl salicylic acid (M-2047, SigmaAldrich Chemie GmbH, Steinheim; Germany).
Confocal Microscopyand 3D-Reconstruction
Confocal image stacks at a resolution of 1024 X 1024 pixel and optical sections of I flm depth were taken of the ALs in whole mount preparations with a laser-scanning con focal microscope (Leica TCS SP2 AOBS, 20 X 0.7 NA lens, Leica Microsystems AG, Wetzlar, Germany). Threedimensional-analyses software (AMIRA 3.1.1, Mercury Computer Systems, Berlin, Germany) was used for 3D-reconstruction of individual glomeruli within the AL, the AL as a whole, and the antennal nerve. On the basis of the measured volume of each glomerulus, we calculated the radius of a sphere with the same volume, and in the following we use this value (RG) as a measure of glomerular size.
Number and Size of Glomeruli
For 28 workers with Hw ranging from 0.59 mm (small, fungus gardening worker) to up to 3.4 mm (large worker) each of all glomeruli within one AL were 3D-reconstructed. As we found that the number of glomeruli is related to Hw, similarly to the result in our previous study that the MG is related to Hw (Kuebler et aI., 2010) , we analyzed whether glomerular number is related to the presence or absence of an MG. Therefore, we calculated the radius value (RY",a,) of the largest glomerulus (RGm"x) the following way: Rym"x = (R Gmax ---RGmcan)/SD. Rvmax describes how much bigger the largest glomerulus is compared to the mean size of a glomerulus (RGmean), and this with respect to the variance of glomerular volumes (SD). As criterion to define a glomerulus as a macroglomerulus, we set Rv> 5 (Kelber et aI., 2009 ).
Clusters of Glomeruli in the Antennal Lobe
The AL is subdivided into clusters of glomeruli and each cluster is innervated by one of several sensory tracts of receptor-neuron axons (Kirschner et aI., 2006; Zube et aI., 2008) . We counted the number of glomeruli in each cluster and compared small (RG-phenotype) and large (MG-phenotype) workers (for classification of workers also see KuebIer et aI., 2010) . To this aim, four workers (two large and two small, with Hw from 0.68 to 3.16 mm) were immobilized in a plexi-glass holder, and one antenna was cut off at the base of the scapus. A droplet of tetramethylrodaminedextran ("micro-ruby" , D-7162, Molecular Probes, Eugene, USA), dissolved in distilled water was applied in a ring of petroleum jelly on the cut base and left in place for I h. After staining, workers were allowed to move freely for 4 h before the brains were dissected in saline solution followed by fixation and dehydration as described above. Subsequently, confocal image stacks were taken and the antennal nerve, the sensory tracts, and all glomeruli were reconstructed. The data on the number of glomeruli of these four workers are part of the 28 workers analyzed as described above. The reconstruction of the AL of one large worker was used as a template map to identify in which glomerular cluster each of the ORNs from selectively stained sensilla terminate.
Selective Sensilla Stainings and Projection of Their ORN Axons in the AL
Stainings of the ORNs of single olfactory sensilla allowed us to investigate their axonal innervation patterns in the AL. Workers with Hw larger than 1.5 mm were immobilized in a plexi-glas holder with dental wax (surgident periphery wax, Heraeus Kulzer, Germany) and the right antenna was fixed with white-out correction fluid (Tipp-Ex, Bic, France). A glass electrode mounted on a Piezo-element that was connected to a function generator was used to cut the sensilla with the vibrating tip of the electrode. The tips of several hair-shaped sensilla were removed with this technique. Immediately after cutting off the sensilla, a second glass electrode filled with dextran-biotin (D-7135, Molecular Probes, Eugene, USA) dissolved in distilled water was slipped over the stump of one single sensillum. This was done under visual control (Wild Macroscope M400; applied to only a single sensillum. After 30 min, the staining electrode was removed and the ants were allowed to move freely for 8-10 h. Then, the head was cut off and the brain was dissected in saline solution. After fixation, the brains were incubated for 48 h in Alexa 488-conjugated streptavidin (S-I 1226, Molecular Probes, Eugene, USA) in PBS with 0.2% TritonX (I: 125), and subsequently rinsed in PBS (3X, 10 min.). In the following, the brains were treated and investigated as described above.
We reconstructed all glomeruli with stained arborizations of receptor neurons and assigned them to the different clusters according to the sensory tracts, or, in cases where this was not possible, we used the AL of the large worker (Hw = 3.16) in which we reconstructed all sensory tracts and identified all clusters of glomeruli as a template map. For visualization, the stained ORNs of one S. trichodeum curvatum and one S. basiconicum were reconstructed by using the skeleton-tool of AMIRA 3.1.1.
Allometry Between Number of Sensilla and Size of Glomeruli
We assessed the relation between the number of one particular type of sensilla (S. basiconica) and the volume of the corresponding glomeruli in 12 workers with Hw ranging from 0.76 mm to 3.48 mm. The S. basiconica of the segment next to the antennal tip (second distal segment) were used as a measure because they are easy to identify and to distinguish from all other hair-shaped sensilla based on their external morphology.
The antennae were cut off, fixed with dental wax (surgident periphery wax, Heraeus Kulzer, Germany) on a plexiglass holder, and investigated by using epitluorescent illumination (568 nm) on a microscope (Olympus, BX5 I WI, XLUMP LD 20X NA 0.95, immersion lens). Overview pictures of the second distal antennal segments were taken with a CCD-camera (model 8484-03G, Hamamatsu Photonics, Japan) that was mounted on the microscope. From these pictures, length and diameter of the segment was measured and the surface area calculated. Subsequently, two close-up pictures from each side of the segment were taken to identify and count the S. basiconica in an area of 18,528 Jlm2 in the smallest and 90,497 11m2 in the largest worker. Based on these measurements, the total numbers of the S. basiconica was estimated for the entire surface area of the second distal segment (Nsb) .
For 20 workers (Hw ranging from 0.59 to 3.40 mm) that were selected from the 28 workers in which the number of glomeruli have been analyzed, the volume of the 50 most posterior glomeruli of the T6-cluster was measured. As we will show later, the S. basiconica innervate exclusively glomeruli of the T6-cluster. We calculated the relation between Hw and the mean size of the measured glomeruli (Rumean of T6,o), and used this relation to estimate RGmean ofT6 5o for the 12 workers in which we assessed the number of S. basiconica.
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Statistical analyses were done using Statistica 7.1 (StatSoft, Tulsa, USA), which was also used to plot the data.
RESULTS
Number and Size of Glomeruli
We investigated the number and size of glomeruli in the AL of 28 workers of different size. The total number ranged from 376 to 457 glomeruli, and the size of glomeruli (Romean) showed a linear correlation with the body size (H,,) Based on the neuroanatomical trait MG/RG and the distinct number of glomeruli, three AL-phenotypes can be distinguished: MG-HN-phenotype and RG-HN-phenotype with around 443 glomeruli (HN: high number of glomeruli), and an RG-LN-phenotype with fewer glomeruli (LN: low number of glomeruli).
Clusters of Glomeruli in the Antennal Lobe
The sensory tracts separate the AL into several clusters, and each of the clusters contains a particular number of glomeruli. We investigated how the clusters differ in number of glomeruli in LN-and HNphenotype workers. To this aim, we mass-stained receptor neurons anterogradely [ Fig. 2(A,B) ] and reconstructed the sensory-tract-specific innervation of .' head width (Hw) of the workers and the mean size of glome ruli (R G ",""" = 3.1 5 X H w + 12.04, R2 = 0.88; p < 0.01 ; n = 28). B: For the largest glomerulus within the antenna I lobe, the radius value Rv is given as Rv = (R L -RM)/S D . A R vvalue of five (dotted line) was used to class ify macrog lomeruli (MG). All MG-phenotype worke rs are marked with blue circles and are separated from RG-phenotype workers (green squares and red tri angles). C : The numbe r of glomeruli is related to body size (Hw). One group with RG-phenotype (green-squares) has fewer glomeruli and thereby separates from a group with or witho ut MG (MG-phenotype: blue circles; RG-phenotype: red tri angles). glomeruli in two LN-phenotype workers and two HN-phenotype workers (Table 1) . The antenna I nerve divides into six different sensory tracts termed TI -T6. The Tl -glomeruli are located in the rostral part of the AL, T2-and T3-glomeruli cover the a nterior part of the AL with the T2-glomeruli located more laterally [ Fig. 2(C-F) ). T4-, TS-, and T6-glomeruli make up the posterior part of the AL. TS-is a small group of glomeruli , and is, like the T4-g1omer- uli, located more laterally. The T6-c1uster is divided from the other posterior glomeruli by the dorsal tract that contains e.g. mechanosensory axons projecting to the dorsal lobe. The T6-glomeruli are relatively small in size, and the T6-c1uster contains the highest number of glomeruli [ Fig. 2(D,F) ].
In five of the six clusters (TI, T2, T3, T5, and T6), we counted only minor differences in the number of glomeruli (two to six glomeruli, Table I ). In the T4-cluster of the LN-phenotype workers we counted ~ 50 glomeruli less than in the HN-phenotype workers, which is exactly the same difference we found in our analysis of the total number of glomeruli.
Selective Sensilla Stainings and Projections of Their ORN Axons in the AL
The multiple ORNs of both olfactory sensilla (S. trichodea curvata and S. basiconica) project their axons to glomeruli in the AL. We investigated how the innervations of ORN axons are distributed across the glomerular clusters of the AL and further analyzed whether each ORN innervates only a single glomerulus.
In six successful stainings of single S. trichodea curvata, we found between 4 and 48 innervated glomeruli in the AL, and the total of 86 glomeruli with arborizations of ORNs were distributed across the entire AL [ Table I , Fig. 3(A,C) ]. ORNs from each single sensillum innervated at least three of the six different clusters. The innervation patterns indicate that the glomeruli of the clusters TI-T4 are innervated more often than the clusters T5 and T6 (Table I: Re!. %). Only about 5% of the arborizations were found in the T6-c1uster, although it contains about 30% of all glomeruli. The MO of large workers belongs to the T2-cluster and is also innervated by ORNs associated with the S. trichodea curvata [ Fig.3(A) ].
In five successful stainings of single S. basiconica, we found between 11 and 53 innervated glomeruli in the AL, and the total of 150 glomeruli with arborizations of ORNs were located exclusively in the Table I , Fig. 3(B,D,F) ]. From the II selectively stained sensi lla (S . trichodea curvata and S. basiconica) we found 246 distinct arborizations of ORN axons in glomeruli. In ~ 100 cases, the axons of single ORNs could be traced from the arborisation in the glomeruli retrogradely to the sensory tract and sometimes even back to the antennal nerve. In all these cases, the axons of ORNs terminated only in a sing le glomerulus. In few cases we found axons branching before entering the glomerulus, however all branches of an axon finally arborized in the same glomerulus. This result supports the idea that the axon of each ORN terminates in o~ly one glomerulus.
T6-cluster [
Allometry Between Number of Sensilla and the Size of Glomeruli
We found a similar number of T6-glomeruli in both HN-and LN-phenotype workers, and most if not all of these glomeruli were innervated by ORNs from the S. basiconica. We assessed the number of S. basiconica and related this measure to the size of the corresponding T6-glomeruli. First, we counted the number of S. basiconica (N Sh ) in two selected areas on the second distal segment for 12 workers. The density of S. basiconica ranged between 5.47 and 11 .74 sensilla per 10 4 pm 2 (n = 12). We found no correlation between body size (Hw) of workers and density of S. Thus, the second distal segment scales not isometric, and compared to large workers, it is relatively long and broad in small workers. This results in a relatively large surface area of the second distal segment in small workers.
Second, we assessed the relation between body size (H w) and the mean volume of 50 glomeruli of the T6-cluster (RGmcall of T6: iO ) in 20 workers. The isometric relation we found is described by the linear regress ion: R G mcall of T6 50 = 3. 10 X Hw + 9.86 (R 2 = 0.90; p < 0.01; n = 20). Using this equation and the equation above that describes the body size (Hw) related number of S. basiconica (NSb), we calculated the expected R G mcall of T6 50 for the 12 workers in which we assessed the number of S. basiconica. Finally, we could calculate the relation between the number of S. basiconica (NSb ) and their expected mean volume of the T6-glomeruli (V G mc,," of T6 50 ) . We found that the mean glomeru lar volume scales 
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DISCUSSION
Our study revealed that, in addition to the two previously described AL-phenotype workers (MG-and RG-phenotype), two other distinct AL-phenotypes (LN-and HN-phenotype) do exist. All workers with a low number of glomeruli have only regular sized glomeruli in their AL (RG-LN-phenotype), few workers were found with a high number but also only regular 229 sized glomeruli (RG-HN-phenotype) and all workers with an MG have a high number of glomeruli (MG-HN-phenotype). Small leaf-cutting ant workers have a reduced olfactory system not only in their number of olfactory sensilla but also in the number and volume of glomeruli. For the LN/HN-phenotypes newly described in this study, we can only speculate about the functional significance for behavior. In contrast to this, we already have good evidence that the MG found in large workers improves the detection of the trail pheromone. The differences in the organization of the AL are the result of distinct developmental patterns and divide the worker caste of leaf-cutting ants into distinct neuroanatomical sub-castes. These sub-castes presumably differ in their olfactory-guided behavior, and this may support different behavioral phenotypes resulting in an elaborated social organization among workers of the colony.
Number of Glomeruli
Compared to other hymenopteran species (Galizia et aI., 1999a; Smid et aI., 2003) .. E '02000 . . tional units for odor information processing, the number of glomeruli are one measure of the ALs' complexity.
. . Intraspecific variation in number of glomerulI IS well documented for many insect species, and in Hymenoptera males usually possess fewer glomeruli than females (Brockmann and Bruckner, 2001; Hoyer et aI., 2005; Schachtner et aL, 2005; Groh and Rossler, 2008; Kuebler et aI., 2010) . Within the female castes we found in our previous study on A. vollenweideri that queens have fewer glomeruli than workers (Kuebler et aL, 2010) . We now documented that even within the worker caste the number of glomeruli varies systematically. Related to body size, two AL-phenotypes with different number of glomeruli exist within workers of A. vollenweideri. A worker either has around 383 glomeruli (LN-phenotype) or it has around 443 glomeruli (HN-phenotype). The underlying mechanisms leading to either of the two alternative developmental patterns (polyphenism) is unknown. We hypot~esize, however, that this may be linked to the regulatIOn of OR-gene expression (Nijhout, 1999; Ray et aI., 2008; Suzuki and Nijhout, 2008) . Genomic studies indicate that the number of functional OR-genes is a reasonable estimate for the number of glomeruli found in the AL, and vice versa (Clyne et aL, 1999; Vosshall et aL, 1999; Robertson and Wanner, 2006) . In Drosophila melanogaster, but also in humans, it has been shown that only a subpopulation of the OR-gene repertoire is expressed (Hasin et aL, 2008; Laissue and Vosshall, 2008) . The number of OR-genes in A. vollenweideri is yet unknown and we speculate that only a fractional number of OR-genes are expressed in LN-phenotype workers.
In MG-phenotype workers, we propose that in more ORNs, tuned to the releaser component of the trail pheromone, the corresponding OR-genes are expressed (Kuebler et aL, 2010) . Surprisingly, we found not only RG-LN phenotype and MG-HN-phenotype workers, but also some RG-HN-workers at intermediate body size (Hw: ~ 1 mm). This indicates that the developmental patterns leading to RG-or MG-and LN-or HN-phenotype are not strictly coupled. However, the developmental pattern leading to the HN-phenotype seems to be necessary for the potential development of the MG-phenotype.
In addition to differences in the ALs, further neuroanatomical phenotypes and accordingly more subcastes may exist due to differences in higher integration centers like the mushroom bodies. It has been shown that volume differences of the mushroom body may be correlated with aggression behavior in the paperwasp Polistes instabilis (Molina and O'Donnell, 2007) . Because of the potential plasticity of the mushroom body, we expect that also across sub-castes of A. vollenweideri workers differences in mushroom body volume may exist, which remains to be investigated.
Cluster of Glomeruli
The general AL morphology of A. vollenweideri is comparable to other social Hymenoptera, like the honeybee (Apis mellifera) or the carpenter ant (Camponotus floridanus) (Kirschner et aI., 2006; Zube et aI., 2008) . In all of these species, the antennal nerve divides into several sensory tracts. While four sensory tracts innervate the glomeruli in the honeybee (Arnold et aI., 1985; Flanagan and Mercer, 1989; Galizia et aI., 1999a; Kirschner et aI., 2006) , seven sensory tracts are described for C.jloridanus (Zube et aI., 2008) . In contrast to C. jloridanus, six sensory tracts innervate the AL in A. vollenweideri. The ORNs of the most abundant olfactory sensillum on the antenna (S. trichodea curvata) arborized predominantly in glomeruli of clusters Tl to T4. In the T4-cluster of an LN-phenotype worker we found 50 glomeruli less than in an HN-phenotype worker. Visual inspection of several ALs with and without labeled ORNs confirmed that the T4-cluster, which is located at the dorsal part of the antennallobe, consists of considerably fewer glomeruli in the LN-phenotype workers. It seems that only the number of T4-glomeruli is reduced and that the number of glomeruli in the other five clusters is similar in both, LN-and HN-phenotypes.
The T6-glomeruli in A. vollenweideri and in C. jlorid£lnus are comparable, in both species this cluster consists of a large group of relatively small glomeruli, separated from the other glomeruli by the dorsal lobe tract (Nishikawa et aI., 2008; . Our study revealed that the S. basiconica are innervating exclusively glomeruli of the T6-cluster. Interestingly, some of the ORNs stained in single S. trichodea curvata also arborized in glomeruli of the T6-cluster. Possibly both types of sensilla may house the same type of ORN, however, this remains to be investigated in greater detaiL
Multiple ORNs of Olfactory Sensilla
We selectively stained single sensilla and their associated ORNs. Based on the number of innervated glomeruli we conclude that both types of olfactory sensiIIa, the S. trichodea curvata and the S. basiconica, house multiple ORNs. Our finding is consistent with the finding of multiple ORNs of basiconic and trichoid sensilla described for the carpenter ant Camponotus japonicus (Nakanishi et aI., 2009) , and it seems to be a common character of Hymenoptera (Schneider and Steinbrecht, 1968; Esslen and Kaissling, 1976; Isidoro et aI., 2001) . However, the functional significance of this organization is still unknown (Butterfield and Anderson, 1994; Ochieng et aI., 2000; Kelber et aI., 2006) . The total number of ORNs in one antenna is therefore a multiple of the number of sensiIla. We did not quantify or estimate the total number of olfactory sensilla on the antenna but we assessed the total number of ORNs for several workers (Hw: 1.96-3.48 mm) using transmission electron microscopy of cross-sectioned antenna. We found between 32.000 and 40.000 ORNs, characterized by their small diameter in cross-section (data not shown).
In A. vollenweideri, each ORN innervates only a single glomerulus because we never observed that one ORN innervates more than one single glomerulus.
In some insect species like moths, pheromonal ORNs are housed in sensilla specialized for pheromone detection (Hansson and Christensen, 1999) . For the A. vollenweideri workers, we found that the MOORNs (ORNs terminating in the MO and sensitive for the releaser component of the trail-pheromone (Kuebler et aI., 2010) ) are associated together with other types of ORNs within the S. trichodea curvata. Based on our neuroanatomical data, we could not identify any kind of sensilla that are specialized solely for the detection of the trail-pheromone.
AL Miniaturization
Compared to large workers (Hw: > 1 mm), the brains and ALs of small workers are tiny. Possibly, the ALs in LN-phenotype workers are just too small to contain over 400 glomeruli while maintaining their functionality. Indeed, the smallest glomeruli we found in small A. vollenweideri workers (mean: 299 /lm 3 ; LNphenotype workers) are just slightly smaller than the smallest glomeruli in the large workers (mean: 330
/tm
3 ; in HN-phenotype workers). However, other Attini species, for example Apterostigma ef mayri have small, monomorph workers with many more glomeruli (630) in the AL than A. vollenweideri. All their glomeruli are very small (200-250 /lm') , and the smallest glomeruli are only about 100 /lm 3 (Kelber et aI., 2009) . In case the organization of glomeruli is similar in all Attine species, glomerular size 231 is not a limiting parameter that may explain the LNphenotype.
Allometry Between Sensilla Number and Glomerular Volume
The variation in body size allowed us to investigate the relation between the number of sensilla and the volume of the innervated glomeruli. We selected the S. basiconica because they are easy to identify on the antennae and innervate a single cluster of glomeruli in the AL. The antennal surface is densely packed with sensilla and the surface area of the antenna is presumably limiting the number of sensilla rather than the space for ORNs within the antenna. We found the same density of S. basiconica in large and small workers and we assume that their organization, including the number of ORNs to be the same in workers of different size. This finding stands in contrast to a study on poreplate sensilla of the bumblebee Bombus terrestris, where sensiIIar density correlates with body size (Spaethe et aI., 2007) .
With more sensilla and associated ORNs in large leaf-cutting ant workers their glomeruli are larger. The volume of glomeruli scales with an exponent of 2.54 to the number of sensilla, and a large proportion of the glomerular volume is occupied by the arborizations of ORNs. The large scaling exponent indicates that in large workers each ORN occupies a larger volume of the glomerulus than in small workers. We propose that the ORNs' innervation of glomeruli differs in large and small workers with large workers having more, or longer branching patterns of ORN axons. Since it was not aim of the present study to quantify this proposed difference, it remains to be investigated in greater detail in future studies.
Neuroanatomical Subcastes and Social Organization
We found three different AL-phenotypes in the worker caste according to glomerular number and the occurrence of an MO. The different phenotypes correlate with the size of the workers, and to their behavior (alloethism). We propose that the differences in the organization of the AL are adaptations leading to distinct odor-guided behaviors and specialization to particular tasks within the colony. For the MOIROphenotypes, we have good evidence that the MO-phenotype workers are more sensitive to the releaser component of the trail pheromone, whereas the RO-phenotype workers are better in discriminating conspecific from heterospecific trail-pheromones (Kleineidam et aI., 2007; Kuebler et aI., 2010) . For the LN/HN-phenotypes newly described in this study, we can only speculate about the functional significance for behavior. A higher number of glomeruli (in T4) in large workers possibly is advantageous for detection of host plant odors and the processing of information necessary to select suited plant material for fungus cultivation. Finding new and digestible plant substrate is the main task for large workers, while small workers do not select the plants that are cut and therefore may have lower requirements in leaf assessment. In order to investigate this hypothesis, physiological data on glomeruli in the T4-cluster are needed.
The polyphenisms of the olfactory system within the worker caste of leaf-cutting ants we described in this and previous studies exemplify how distinct developmental patterns result in various sub-castes of workers. How odor information is processed depends on the organization of the ALs, and we now face the challenge to understand the adaptive value and the constraints of the different AL-phenotypes in detail as well as the underlying genetic control that results in distinct phenotypes. Ultimately, this will lead to a better understanding of the evolution of task specialization in an insect species that has extremely large colonies and one of the most complex social organizations.
